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(54) Selective filtering of wavelength-converted semiconductor light emitting devices 



(57) A light emitting device Includes a semiconduc- 
tor light emitting device chip having a top surface and a 
side surface, a wavelength-converting material overly- 
ing at least a portion of the top surface and the side sur- 
face of the chip, and a filter material overlying the wave- 
length-converting material. The chip is capable of emit- 
ting light of a first wavelength, the wavelength-convert- 



ing material is capable of absorbing light of the first 
wavelength and emitting light of a second wavelength, 
and the filter material is capable of absorbing light of the 
first wavelength. In other embodiments, a light emitting 
device Includes a filter material capable of reflecting light 
of a first wavelength and transmitting light of a second 
wavelength. 
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Description 

FIELD OF INVENTION 

[0001] This Invention relates to semiconductor light 
emitting devices including a wavelength-converting ma- 
terial and a filter material. 

DESCRIPTION OF RELATED ART 

[0002] The color of light emitted from a semiconductor 
light emitting device chip such as a light emitting diode 
may be altered by placing a wavelength-converting ma- 
terial in the path of the light exiting the chip. The wave- 
length-converting material may be, for example, a phos- 
phor. Phosphors are luminescent materials that can ab- 
sorb an excitation energy (usually radiation energy) and 
store this energy for a period of time. The stored energy 
is then emitted as radiation of a different energy than 
the initial excitation energy. For example, "down-conver- 
sion" refers to a situation where the emitted radiation 
has less quantum energy than the initial excitation radi- 
ation. The energy wavelength effectively increases, 
shifting the color of the light towards red. 
[0003] If some light emitted from the chip is not ab- 
sorbed by the phosphor, the unconverted light emitted 
from the chip mixes with the light emitted from the phos- 
phor, producing a color between the color of the light 
emitted from the chip and the color of the light emitted 
from the phosphor. When used In applications requiring 
a particular color, the color of light emitted from the chip 
and the amount of light converted by the phosphor must 
be tightly controlled. 

SUMMARY 

[0004] In accordance with embodiments of the inven- 
tion, a light emitting device includes a semiconductor 
light emitting device chip having a top surface and a side 
surface, a wavelength-converting material overlying at 
least a portion of the top surface and the side surface of 
the chip, and a filter material overiying the wavelength- 
converting material. The chip is capable of emitting light 
of a first wavelength, the wavelength-converting mate- 
rial is capable of absoriDing light of the first wavelength 
and emitting light of a second wavelength, and the filter 
material is capable of absorbing light of the first wave- 
length. In other embodiments, a light emitting device in- 
cludes a filter material capable of reflecting light of a first 
wavelength and transmitting light of a second wave- 
length. 

[0005] The filter material prevents at least a portion of 
light emitted from the chip that is unconverted by the 
wavelength-converting material from escaping the de- 
vice. Use of the fitter material may increase the color 
purity and lumen output of a wavelength converted sem- 
iconductor tight emitting device, 
brief 



DESCRIPTION OF THE DRAWINGS 
[0006] 

5 Fig. 1 illustrates an embodiment of the present In- 
vention. 

Fig. 2 illustrates an alternate embodiment of the 
present invention. 

Fig. 3 illustrates the emission spectra of two devlc- 
10 es, one with a filter layer and one without a filter lay- 
er. 

Fig. 4 illustrates the lumen output of several phos- 
phor converted light emitting devices as a function 
of fraction of light unconverted by the phosphor lay- 
is er. 

Fig. 5 Is an exploded view of a packaged light emit- 
ting device. 

Fig. 6 is a plot of extraction efficiency as a function 
of pump leakage fraction for a wavelength-convert- 
20 ed light emitting device. 

Fig. 7 is a plot of conversion efficiency as a function 
of pump leakage fraction for blue and UV wave- 
length-converted devices without filters, with ab- 
sorbing filters, and with reflectors. 

25 

DETAILED DESCRIPTION 

[0007] In accordance with embodiments of the inven- 
tion, a light emitting device includes a wavelength-con- 

30 verting layer for converting the wavelength of light emit- 
ted from a light emitting device chip, and a filter layer for 
filtering out any unconverted light from the chip. The ex- 
ample of a lli-nitride flip chip Is considered below. It is 
to be understood that the invention is not limited to the 

35 materials, device orientations, or other details dis- 
cussed In the examples below. For example, the em- 
bodiments of the invention may be applied to any suit- 
able light emitting device materials system, including for 
example lll-V materials, Ill-nitride materials. Ill-phos- 

40 phide materials, and ll-VI materials. Embodiments of the 
invention may be applied to any device geometry, in- 
cluding devices with contacts on opposite sides of the 
semiconductor layers and devices with contacts on the 
same side of the semiconductor layers, such as flip 

4s chips where light is extracted through a substrate, and 
epitaxy-up structures where light is extracted through 
the contacts. 

[0008] Fig. 1 illustrates an embodiment of the present 
invention. A light emitting device chip includes a sub- 
so strata 10, an n-type region 12, an active region 14, and 
a p-type region 15. In one embodiment, n-type region 
12, active region 14, and p-type region 15 are Ill-nitride 
materials, having the formula AlylnyGaxN, where 0^ x< 
1 ,0^ y^ 1 , 0^ 1 , x+y-f z=1 . Substrates suitable for the 
S5 growth of Ill-nitride materials IncludeGaN, SiC, andsap- 
phire. Each of n-type region 12, active region 14, and p- 
type region 15 may be a single layer or multiple layers 
with the same or different compositions, thicknesses, 
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and dopant concentrations. A portion of p-type region 
15 and active region 14 is removed to expose a portion 
of n-type region 12. Contacts 16 are fomned on the re- 
maining portion of p-type region 15 and the exposed 
portion of n-type region 12. Contacts 16 may be electri- 
cally and physically connected to a submount 1 8 by sub- 
mount interconnects 17. Submount interconnects may 
be, for example, solder. Contacts 16 may be reflective, 
such that light generated in active region 14 is extracted 
from the chip through substrate 1 0. 
[0009] A wavelength-converting layer 20 is formed 
over the chip. The wavelength -converting material may 
be, for example, yttrium aluminum garnet doped with 
praseodymium and cerium (YAG:Pr+Ce), strontium 
sulfide doped with europium (SrS: Eu), strontium thiogal- 
late, or any other suitable phosphor. Wavelength-con- 
verting layer 20 may be formed by, for example, electro- 
phoretic deposition, stenciling, screen printing, and any 
other suitable technique. Wavelength-converting layer 
20 need not cover all of the top and sides of the chip, as 
Illustrated in Fig. 1 . Multiple wavelength-converting ma- 
terials capable of converting the wavelength emitted 
from the chip to the same or different wavelengths may 
be incorporated into wavelength-converting layer 20, or 
wavelength-converting layer may be comprised of mul- 
tiple discrete sublayers, each containing a different 
wavelength-converting material. 
[001 0] A filter layer 1 9 is formed over wavelength-con- 
verting layer 20. Filter layer 1 9 absorbs light of the wave- 
length emitted by active region 14 of the light emitting 
device chip and transmits light of the wavelength or 
wavelengths emitted by wavelength-converting layer 
20. The materials in filter layer 19 may be selected and 
deposited such that some or all of the unconverted light 
emitted by the chip is prevented from escaping the de- 
vice. The filter material may be, for example, a material 
that absoriss the unconverted light emitted by the chip 
and dissipates the energy as heat. Examples of suitable 
filter materials include inorganic and organic dyes. 
[0011] Fig. 2 illustrates an alternative embodiment of 
the present invention. In the embodiment illustrated in 
Fig. 2, rather than being confonnally coated on the light 
emitting device chip, the filter layer and wavelength-con- 
verting layer are dispersed in a material overlying the 
chip. In the device illustrated in Fig. 2, a pedestal 25 
supports light emitting device chip 24 and lens 22, cre- 
ating a space between chip 24 and lens 22 that may be 
occupied by a hard or soft encapsulant. Examples of 
suitable encapsulant materials include hard or soft sili- 
cone and epoxy. The encapsulant material is generally 
selected such that the refractive index of the encapsu- 
lant matches the refractive Index of materials adjacent 
to the encapsulant (e.g. the substrate of the chip) as 
closely as possible, in addition, the encapsulant mate- 
rial may be selected for its ability to mix with the wave- 
length converting material and/or the filter material. Par- 
ticles of a wavelength-converting material such as phos- 
phor are dispersed in a first layer of encapsulant 26 



close to chip 24. Particles of a fitter material are dis- 
persed in a second layer of encapsulant 28 overiying 
wavelength-converting layer 26. The same or different 
encapsulating materials may be used for the wave- 
5 length-converting material and the filter material. Chip 
24, wavelength-converting layer 26, fitter layer 28, and 
lens 22 need not be adjacent to each other as illustrated 
in Fig. 2. Air, additional layers of encapsulant, or layers 
of other materials may separate any of the layers illus- 
10 trated in Fig. 2. In addition, wavelength-converting layer 
26 may contain multiple wavelength-converting materi- 
als, or may be multiple discrete sublayers containing the 
same or different wavelength-converting materials. Fil- 
ter layer 28 may also contain multiple filtering materials 
IS and may be multiple discrete sublayers containing the 
same or different filtering materials. 
[0012] In other embodiments, filter layer 28 of Fig. 2, 
which includes a filter material dispersed in an encap- 
sulant, Is used in combination with the confonmal wave- 
length-converting layer 20 of Fig. 1 . in other embodi- 
ments, the filter materia! may be coated on the inside of 
lens 22 of Fig. 2, on the outside of lens 22, or Incorpo- 
rated in the material that forms lens 22. In the embodi- 
ments described above, the fitter material absori:)s the 
unwanted unconverted emission from the chip. In still 
other embodiments, the filter material may reflect the 
unwanted unconverted emission from the chip, while 
transmitting the wanted wavelength-converted emis- 
sion. For example, the filter material may be a series of 
layers of dielectric materials with refractive indices se- 
lected to transmit the wavelength converted light while 
reflecting the unconverted light. The dielectric materials 
may be selected from known coatings for the ability to 
transmit the converted wavelengths and reflect the un- 
converted wavelengths, and the ability to withstand both 
the converted and unconverted wavelengths. 
[0013] In one example, the unconverted emission 
from the chip is blue light with a wavelength less than 
500 nm and the wavelength-converted emission is 
green with a wavelength greater than 500 nm. 
[0014] Fig. 3 Illustrates the emission spectra of two 
devices, each with a 450 nm blue-emitting chip covered 
and a 535 nm green-emitting phosphor layer, one with 
a filter layer (device A) and one without (device B). The 
inclusion of a filter layer in device A almost completely 
prevents light emitted by the device chip from escaping 
the chip. Thus, light from the device chip does not sig- 
nificantly impact the color of light visible from device A. 
The light from device A will appear green, in contrast, 
device B has a small peak of emission from the device 
chip. The light from device B may appear greenish blue 
due to the emission from the chip. 
[001 5] Including a fitter layer In a wavelength -convert- 
ed semiconductor light emitting device may offer several 
advantages. First, the use of a filter layer allows tight 
control of the color and color purity of light produced by 
the device. The wavelength of light emitted by a light 
emitting device chip depends on the composition of the 
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active region, which may be difficult to control during 
fabrication. In contrast, typically wavelength-converting 
materials emit the same color of high color purity light 
regardless of the wavelength of the absorbed light, as 
long as the wavelength of the absorbed light is in a 
wavelength range capable of exciting the wavelength- 
converting material. Accordingly, the use of a wave- 
length-converting material improves the uniformity of 
the color of light produced by various devices. The unl- 
fomnity across devices can be compromised if light from 
the chip is pennitted to mix with the wavelength-convert- 
ed light. The use of a filter layer prevents light from the 
chip from escaping the device, thus the only light escap- 
ing from the device Is the high color purity light emitted 
by the wavelength-converting material, 
[0016] Second, the use of a fitter layer may increase 
the lumen output of a wavelength converted semicon- 
ductor light emitting device. Fig. 4 Illustrates the lumen 
output of several devices as a function of the fraction of 
light emitted by the device chip that is unconverted by 
a phosphor As illustrated in Fig. 4, devices that allow 
some light emitted from the chip to leak through the 
phosphor layer unconverted exhibit a higher lumen out- 
put than devices that phosphor-convert all of the light 
emitted from the chip. In order to completely convert ail 
light emitted by the device chip, a thick phosphor layer 
must be used. The thick phosphor layer may result in 
increased back scattering of light, which increases the 
likelihood that light will be lost through absorption by 
semiconductor layers in the chip or other portions of the 
device, reducing the total lumen output of the device. In 
applications where mixing of the light emitted by the chip 
and the light emitted by the phosphor is undesirable, the 
use of a filter permits tuning the thickness and other 
characteristics of the phosphor layer for maximal phos- 
phor emission, while maintaining the color and color pu- 
rity of emission from the phosphor by selective absorp- 
tion of the unconverted iight from the chip. 
[001 7] Filters can also be employed to improve the ef- 
ficiency of LEDs for the generation of white light. This 
opportunity arises because of the strong dependence of 
chip extraction efficiency on the loading density or total 
thickness of wavelength-converting particles surround- 
ing the chip, as described above. As the loading density 
is increased, the extraction efficiency is reduced. This 
effect is most easily observed by measuring the light 
generation efficiency of the device as a function of pump 
light leakage, which is that fraction of light which Is emit- 
ted directly from the chip compared to the total amount 
of generated light (pump light plus converted light). Such 
measurements have been performed and result in data 
similar to that shown In Fig. 6. 
[0018] For an LED chip employing wavelength-con- 
version media, the total light generated may be written 
as 



puinp + conv = lnQEQDCe^ 



where py^p is the output ftux from direct chip emission 
(i.e., leaking through the converting media), ^onv 
wavelength-converted output flux, QE is the quantum 
efficiency of the wavelength converter, QD is the asso- 
5 elated quantum def teit in photon energy, and C^^ is the 
extraction efficiency which depends on pump leakage 
fraction, which may be written 
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^pump pump ^( pump oonv)' 

[001 9] The converted light output can now be written 
in tenns of the pump leakage fraction, so that 



= (1-Fpu„p),nQEQDq 



ext 



This expression can be used to detenrilne the relative 
conversion efficiency of chips employing wavelength- 

20 converting media as a function of pump leakage frac- 
tion, using the experimental dependence given by Fig. 
6. Using this approach, we are able to compare the ex- 
amples of generating white light using either a blue 
pump LED chip (where the blue emission contributes 

25 directly to the white spectrum) or a UV-based pump 
(wherein the iight does not contribute to useable spec- 
trum). The results are shown In Fig. 7, which illustrates 
calculated conversion efficiencies of LEDs employing 
wavelength converting media, using either blue or UV 

30 pump wavelengths. The conversion efficiency is defined 
as the total emitted power for the device employing the 
wavelength converter, divided by thetota! emitted power 
of the bare pump LED (no wavelength converting me- 
dia). The curves labeled "tittered" are data for the case 

35 of the device employing an absorbing filter mechanism 
to reduce or eliminate the leaked pump light as required 
to maintain the desired output spectrum requirements. 
The curves labeled "reflector' are data for the case of 
the device employing a reflective material to reflect 

40 leaked pump light back into the device. 

[0020] These calculations assume wavelength con- 
verters of peak wavelengths at 460 nm (blue), 540 nm 
(green) and 620 nm (red), and with spectral widths typ- 
ical for phosphors. The blue pump wavelength was tak- 

45 en as 450 nm, while that of the UV pump was taken as 
390 nm. For the cases where fitters or reflectors are em- 
ployed, the filter/reflector insertion loss is taken as 1 0%. 
The combination of blue, green, and red light was kept 
at a radiometric ratio of 8%, 37%, and 55% as an esti- 

50 mate to target 2900K white light. 

[0021] As a reference point, we note the case of a UV- 
based pump wherein all the light Is converted (0% pump 
leakage, which is presumably necessary for eye safety 
reasons) gives the poorest conversion efficiency at 

55 1 2%. A blue-based pump, allowing ~ 8% leakage which 
is directly used in the final spectrum, gives a much high- 
er conversion efficiency of -38% (more than a factor of 
three improvement). 
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[0022] A dramatic Improvement In conversion effi- 
ciency can be obtained by allowing more pump leakage, 
especially for the UV pump case. By employing a filter 
which later blocks out all the UV light, the device alloying 
an Initial 20% leakage achieves a conversion efficiency 
of 31 .5%, more than a factor of two Improvement over 
the "100% converted" case. A similar, although much 
weaker, Improvement for the blue pump case is ob- 
tained by allowing 20% leakage, and employing a fitter 
to correct the final white color point. For this case the 
conversion efficiency increases from 38% to 39%. 
[0023] The use of a reflector rather than an absorbing 
filter material further improves conversion efficiency. In 
the case of a UV pump device allowing 20% leakage, 
the use of a reflector rather than an absorbing filter in- 
creases the conversion efficiency from 31 .5% to 34%. 
In the case of a blue pump device allowing 20% leakage, 
the use of a reflector rather than an absoiting filter in- 
creases the conversion efficiency from 39% to 42%. 
[0024] It is clear from this work that allowing more 
pump light leakage and correcting the final spectra with 
absorbing or reflecting filters is most important for cases 
where low pump leakage is required, either in the blue 
pump case where low white color temperature are re- 
quired, or in the UV pump case (all cases). 
[0025] Fig. 5 is an exploded view of a packaged light 
emitting device. A heat-sinking slug 1 00 is placed Into 
an Insert-molded leadframe 106. The insert-molded 
leadframe 1 06 is, for example, a filled plastic material 
molded around a metal frame that provides an electrical 
path. Slug 100 may include an optional reflector cup 
1 02. Alternatively, slug 1 00 may provide a pedestal with- 
out a reflector cup. The light emitting device die 1 04, 
which may be any of the devices described above, Is 
mounted directly or indirectly via a thermally conducting 
submount 103 to slug 100. An optical lens 108 may be 
added. In embodiments where the wavelength-convert- 
ing material and/or filter material are dispersed in en- 
capsulants, the encapsulants may be injected between 
die 1 04 and lens 1 08. In embodiments, where a reflector 
is used to reflect unwanted pump emission back into the 
device, the reflector may be a series of dielectric layers 
applied to the Inside or the outside surface of lens 1 08. 
[0026] Having described the Invention in detail, those 
skilled in the art will appreciate that, given the present 
disclosure, modifications may be made to the invention 
without departing from the spirit of the inventive concept 
described herein. Therefore, it is not Intended that the 
scope of the invention be limited to the specific embod- 
iments illustrated and described. 



Claims 

1 . A light emitting device comprising: 

a semiconductor light emitting device chip ca- 
pable of emitting first light having a first wave- 



length, the semiconductor light emitting device 
chip having a top surface and a side surface; 
a wavelength-converting material capable of 
absorbing the first light and emitting second 
5 light having a second wavelength, the wave- 

length-converting material overtying at least a 
portion of the top surface and a portion the side 
surface; and 

a filter material capable of absorbing the first 
10 light, the filter material overlying the wave- 

length-converting material. 

2. The light emitting device of Claim 1 wherein the filter 
material is dispersed In an encapsulant. 

15 

3. The light emitting device of Claim 2 wherein the en- 
capsulant comprises silicone. 

4. The light emitting device of Claim 1 further compris- 
20 ing a tens overlying the semiconductor light emitting 

devtoe chip. 

5. The light emitting device of Claim 4 further compris- 
ing a plurality of leads electrically connected to the 

25 semiconductor light emitting device chip. 

6. The light emitting device of Claim 4 wherein the filter 
material is coated on a surface of the lens facing 
the semiconductor light emitting device chip. 

30 

7. The light emitting device of Claim 4 wherein the filter 
material is coated on a surface of the lens facing 
away from the semiconductor light emitting devtee 
chip. 

35 

8. The light emitting device of Claim 4 wherein the filter 
material is Incorporated Into the lens. 

9. The light emitting device of Claim 1 wherein the 
40 wavelength-converting material substantially con- 
formally coats the semiconductor light emitting de- 
vice chip. 

10. The light emitting device of Claim 1 wherein the 
45 wavelength-converting material is a phosphor. 

11. The light emitting device of Claim 10 wherein the 
phosphor is selected from the group consisting of 
YAG, YAG:Ce+Pr, SrS: Eu, and strontium thiogal- 

50 late. 

1 2. The light emitting devtee of Claim 1 wherein the filter 
material comprises an organic dye. 

55 13. The light emitting device of Claim 1 wherein the filter 
material does not emit visible light. 

14. A light emitting devtoe comprising: 
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a semiconductor light emitting device chip ca- 
pable of emitting first tight having a first wave- 
length; 

a wavelength-converting material capable of 
absorbing the first light and emitting second s 
light having a second wavelength, the wave- 
length-converting material overlying at a top 
surface of the chip; and 
a filter material capable of reflecting at least a 
portion of the first light and transmitting the sec- io 
ond light, the filter material overlying the wave- 
length-converting material. 

15. The light emitting device of Claim 14 wherein the 
first tight is UV light. is 

16. The light emitting device of Claim 14 wherein the 
first light is blue light. 

17. The tight emitting device of Claim 14 wherein the so 
filter material comprises at least one dielectric layer. 

18. The light emitting device of Claim 17 further com- 
prising a lens overlying the semiconductor light 
emitting device chip, wherein the at least one die- 2S 
lectric layer is fomied on a surface of the lens. 
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